The wear and friction performance of GUR 1020 grade ultrahigh molecular weight polyethylene (UHMWPE) polymer was studied in distilled water, HASS (Hank's balanced salt solution) and several protein lubrication environments. Wear tests were carried out using polymer pin -on AISI 304L stainless steel disc apparatus. Tests conditions were room temperature, 40N, 80N and 120N applied loads and 0.5 m/s sliding speed. For the range of load and speed value of this work, the coefficient of friction and wear rate for UHMWPE polymer decreases with the increase in applied load values. The coefficient of friction is highest and the specific wear rate values is lowest under HASS +HA solution lubricant. The average specific wear rate values for UHMWPE polymer under distilled water and HASS+HA (Hank's balanced salt solution with Hyaluronic acid) lubrication conditions are in the order of 9x10 -15 m 2 /N and 3x10 -15 m 2 /N respectively. The wear mechanism includes abrasion and adhesive processes.
Introduction
In prosthesis technology, knee replacements are usually the only solution for patients whose joints are totally worn out. In knees the loads on the prosthesis can reach peak values of three times the body weight during normal walking conditions [1] and can peak between four to five times the body weights during more stressful surfaces activities, such as walking upstairs. This is of concern as contact stresses can exceed the compressive yield stress of the prosthesis material [2, 3, and 4] . The geometry of the prosthesis and the type of loading determine the contact area and size of the contact stresses in the prosthesis component [5] [6] [7] . On the other hand the tribological behavior of prostheses material is important such as wear. In such cases wear should be low and the debris produced must not be toxic. Excessive wear can cause the prostheses to work loose within the bone, resulting in pain, reduced life and instability. Ultra-high molecular weight polyethylene (UHMWPE) is useful thermoplastic polymer for biomaterials applications. This is due to its excellent properties, such as bio-compatibility, chemical stability, high impact strength, high wear resistance, and low friction [8, 9] . On the other hand, that, UHMWPE has low hardness and creep resistance, which may lead to excessive permanent deformation of the bearing surface, and ultimately affect the surface geometry. Understanding, enhancing tribological and mechanical properties of UHMWPE will be important to prolong the longevity of joint replacement components and alleviate pain of the patients. In past, studies have been carried out on wear characteristics of UHMWPE and point out the recognition of multidirectional motion in wear mechanisms and the development on an orientation-softening wear concept [10] [11] . Furthermore, extensive studies were conducted to improve UHMWPE wear resistance, such as ion implantation, fiber reinforcement, cross-linking [12, 13, 14, and 15] and grafting [16] . Apart from molecular weight role of UHMWPE, factors affecting the wear characteristics of UHMWPE include prostheses geometry [3] , presence of third party, topography, speed, loading and lubrication [17] [18] [19] [20] [21] . Under lubricant media, Sawae et al [22] , Cho et al [23] and Gispert et al [24] used HBSS, HA lubricants and concluded that the lowest wear was with human synovial, the wear increased with increasing ambient protein concentrations and the wear mechanism either surface fatigue wear or abrasive wear. Having said that, to date there is no particular, clear and definite conclusion in lubricant type and conditions which could consistently and reliably show the relationship between the tribological properties in terms of both friction and wear of UHMWPE. Hence, the purposes of this investigation are to clarify and debate on the choice of lubricant for the tribological characteristic of GUR 1020 medical prosthesis grade UHMWPE polymer sliding against steel. Friction and wear tests against AISI 304L stainless steel were carried out on a pin-on-disc arrangement. Lubricant media are distilled water, egg albumen, HBSS and HBSS+HA. Tribological tests were realized at room temperature under 40N, 80N and 120N applied loads and 0.5m/s sliding speeds. The specific wear rate values for GUR 1020 medical prosthesis grade UHMWPE polymer under different lubricated conditions were obtained.
Results and discussion
Figures 1 a, b, c shows the variation of under lubricated (dynamic) coefficients of friction of UHMWPE polymer with sliding distance, tested at 0.5m/s sliding speed and 40, 80, 120N applied load. It is clear from these figures that there is a running-in stage for about 600 m sliding distance followed by a steady state condition. Moreover, there is no running-in stage under distilled water lubrication condition. The lowest friction coefficient is for distilled water lubricant followed by HBSS+HA, HBSS, egg albumen 2 and egg albumen 1 condition. Figure 2 illustrates the variation of under lubricant friction coefficients of UHMWPE polymer with applied load tested at 0.5 m/s condition. It is clear from Figure 2 that the coefficient of friction value for UHMWPE polymer decreases linearly with the increase in load value. There is an average decrease of 40% in friction coefficient for 200% increase in load value. As it is known that UHMWPE polymer is a visco-elastic material with its deformation under load, visco-elastic. Therefore, the variation of friction coefficient with the load follows the equation µ = KxN (n-1) where µ is friction coefficient, N is the applied load, K and n are constants, n constant value is between 0.66 and 1 [25] . According to this equation, the friction coefficient decreases with the load increase. It is also clear from Figure 2 that the friction coefficients for UHMWPE polymer is the lowest under distilled water lubricated conditions. This could be explained that the water as a lubricant might function significantly to hinder the friction induced thermal effect. . The highest wear rate is for UHMWPE polymer under distilled water followed by egg albumen 1, egg albumen 2, HBSS and HBSS+HA lubricants. The lowest wear rate is 3x10 -15 m 2 /N using HBSS+HA lubricant. In all cases the specific wear for GUR 1020 medical grade UHMWPE is linearly decreasing with the increase in applied load values. This is a decrease of 35% in specific wear rate for 200% increase in applied load values. In lubrication process HBSS feature for low viscosity while HA is responsible for high viscosity which tends to hydrodynamic lubrication process while albumen enhances boundary lubrication. The combination of HBSS+ HA lubricant tends to enhance the boundary lubrication process which has resulted in minimum wear rate.
The optical microscopy examination of GUR 1020 UHMWPE polymer pin worn surface under HBSS+HA, HBSS, egg albumen 1, egg albumen 2 and distilled water lubricated conditions reveal different type of surfaces , see Figure 4 (a-e) respectively. In case of HBSS+HA and HBSS lubricants, Figure 4 (a, b) showed deep groove due to abrasive wear. For egg albumen 10g/l lubricant, Figure 4(c) show the formation of adhered layer on the surface of the pin and in case of egg albumen 20g/l lubricant more protein lead to lumped (agglomerated) which is due to plastic strain accumulation process caused by continuous sliding process, see Figure 4d . Figure 4e show the present of groove and wrinkling surface under distilled water lubrication. This is due to the increase in temperature on the polymer surface. Increasing temperatures in polymer surfaces result in softening the polymer surface. As a result of this, the wear regime may be a severe wear with wrinkling occurrence. The features of pins worn surface show that the wear mechanism of UHMEPE includes abrasion, and adhesion mechanisms. 
Conclusions
The following conclusions can be drawn from the present study: For the range of lubricants used in this investigation HBSS+ HA is the most effective lubricant. The highest wear rate is for UHMWPE at 0.5m/s sliding speed and under 40N applied load under distilled water lubricated conditions with a value of 9x10 
Experimental procedure
Although there are several arrangements for wear tests the tribological performance of GUR 1020 medical grade UHMWPE were studied using a pin-on-disc tribometer. This is because it is believed that as in knees the loads on the prosthesis can peak between four to five times the body weight and this severe condition is simulated using pin-on-disc arrangement [1] [2] [3] . Figure 5 presents the schematic diagram for in -house made test tribometer. In this figure, the rig consists of a stainless steel table which is mounted on a turntable, a variable speed motor which provides the rotational motion to the turntable on which the disk sample is fixed and a pin sample holder which is rigidly attached to a pivoted loading arm. This loading arm is supported in bearing arrangements to allow loads to be applied to the specimen. During the test, friction force was measured by a transducer mounted on the loading arm. For the tribological tests, a flat-ended GUR 1020 medical grade UHMWPE (for material properties, see Table I ) cylindrical pins of 6 mm diameter and 40 mm length is used, see Table I . The counter-face disc was made of stainless steel (AISI 304L) with 5 mm thickness and 100 mm diameter dimensions. The disc surface roughness is 0. where, L is the sliding distance and V is the wear volume.
Finally, after each test, the worn surfaces were observed under the optical microscope.
